Abstract Elevated (4 to 7-fold) levels of urinary dolichol and coenzyme Q and substantially longer chain lengths for urinary dolichols have been reported in Smith-Lemli-Opitz Syndrome (SLOS) patients, compared to normal subjects. We investigated the possibility of similar alterations in hepatic, nonsterol isoprenoids in a well-established rat model of SLOS. In this model, the ratio of 7-dehydrocholesterol (7DHC) to cholesterol (Chol) in serum approached 15:1; however, total sterol mass in serum decreased by [80 %. Livers from treated rats had 7DHC/ Chol ratios of *32:1, but the steady-state levels of total sterols were [40 % those of livers from age-matched (3-month-old) control animals. No significant differences in the levels of LDL receptor or HMG-CoA reductase were observed. The levels of dolichol and coenzyme Q were elevated only modestly (by 64 and 31 %, respectively; p \ 0.05, N = 6) in the livers of the SLOS rat model compared to controls; moreover, the chain lengths of these isoprenoids were not different in the two groups. We conclude that hepatic isoprenoid synthesis is marginally elevated in this animal model of SLOS, but without preferential shunting to the nonsterol branches (dolichol and coenzyme Q) of the pathway and without alteration of normal dolichol chain lengths. 
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7-Dehydrocholesterol (cholesta-5,7-dien-3b-ol) AY9944 Trans-1,4-bis [2- [1] ). Its molecular basis lies in mutations (mostly missense) in the terminal enzyme of cholesterol (Chol) synthesis, sterol-D7-reductase (DHCR7; EC 1.3.1.21, OMIM #602858) [2] . As a result, levels of the cholesterol precursor 7-dehydrocholesterol (7DHC) are greatly elevated in tissues and fluids of SLOS patients, compared to normal controls, while Chol levels are markedly reduced [3] . The pathological basis of the phenotype has been ascribed to various factors, including lack of sufficient Chol levels, particularly during a critical period in embryonic development [4] , an abnormal buildup of Chol precursors such as 7DHC [5] , and the generation of oxidation products derived from 7DHC or other sterol intermediates [6] . Clearly, these possibilities are not mutually exclusive. From a metabolic standpoint, it is of interest that the level of total sterols in the serum of SLOS patients is substantially less than that of control subjects [7] , raising the possibility that carbon flux into the sterol biosynthetic pathway is below normal. Sterol balance studies [8] and determinations of fractional sterol synthesis rates [9] using deuterated water support the proposed reduced rate of de novo sterol synthesis in SLOS patients compared to normal subjects. However, Steiner's group has found that urinary mevalonate levels (an indicator of mevalonate production) are not significantly different in SLOS patients compared to normal subjects [10, 11] . These latter findings have raised the question as to the fate of de novo generated mevalonate in SLOS patients. In 1995, Kelley reported that SLOS patients exhibit elevated plasma levels of 3-methylglutaconic acid (MGA), a byproduct of the leucine degradation pathway [12] . Since MGA also can be produced via a shunt from the mevalonate pathway through dimethylallyl pyrophosphate (DMAPP) [13] , the possibility exists that some of the mevalonate generated in the tissues of SLOS patients can be shunted to the leucine degradation pathway rather than enter the sterol pathway (see Fig. 1 ). However, a recent report from Steiner's group [14] appears to refute this possibility. They demonstrated that feeding Chol to SLOS patients reduced urinary mevalonate levels (as a result of suppression of HMG-CoA reductase (HMGR) activity by Chol), but had no significant effect on urinary MGA levels, thereby arguing against shunting to MGA. Interestingly, this group has also found a 4-to 7-fold elevation in the levels of urinary dolichol and coenzyme Q (a.k.a., ubiquinone) [11, 14] as well as an increase in dolichol chain lengths [14] in SLOS patients, compared to controls. These findings suggested that some of the mevalonate in SLOS patients is shunted not toward leucine degradation, but rather to the nonsterol isoprenoid branches of the pathway.
In the present study, we investigated the possibility of mevalonate shunting to nonsterol isoprenoids under conditions in which DHCR7 activity is impaired, using a pharmacologically-induced animal model of SLOS that recapitulates the developmental and biochemical hallmarks of the human disease, particularly with regard to the abnormal accumulation of 7DHC in bodily tissues and fluids [15] [16] [17] . We found that hepatic levels of both dolichol and coenzyme Q were modestly increased in the SLOS rat model, relative to age-matched controls, but there was no shift to longer isoprenoid chain lengths.
Materials and Methods
Materials
Unless otherwise stated, all chemicals and reagents were of the highest purity available and were used as obtained from commercial vendors. Organic solvents were HPLC grade and used as purchased from Fisher Scientific, Atlanta, GA. AY9944 ((trans-1,4-bis [2-dichlorobenzylaminomethyl] cyclohexane dihydrochloride) was custom synthesized and recrystallized to homogeneity (A.H. Fauq, Chemistry Core, Mayo Clinic, Jacksonville, FL). Purity was verified by HPLC and LC-MS, and the structure was verified in comparison to an authentic sample of AY9944 (a gift from Wyeth-Ayerst Research, Princeton, NJ), using NMR, UV-VIS spectroscopy, and MS. C18 SepPak Ò cartridges were purchased from Waters Corporation, Milford, MA. Authentic chromatographic standards of cholesterol, 7DHC and squalene were obtained from Research Plus (http:// www.researchplus.com/). Authentic standards of dolichols and coenzyme Q were from Isoprenoids, LC (http://www. isoprenoids.com/). Rabbit polyclonal whole antisera to LDLR and to HMGR (cross-reactive to human and rat) were generous gifts from Dr. Gene C. Ness (University of South Florida, Tampa, FL). Antibodies to b-tubulin (rabbit IgG, #H-235), with broad cross-species reactivity, were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibodies were obtained from Sigma/Aldrich (St. Louis, MO). All reagents and materials for SDS-PAGE and Western blot analyses were obtained from Bio-Rad Laboratories (Hercules, CA).
SLOS Rat Model
The SLOS animal model was generated as previously described [17] , treating Sprague-Dawley rats (Harlan Bioproducts for Science, Indianapolis, IN) with AY9944, a selective inhibitor of DHCR7. All procedures involving animals were approved by the Buffalo VAMC IACUC, and were in accordance with the ARVO Resolution on the Use of Animals in Research and with the NIH Guide for the Care and Use of Laboratory Animals. Rats were fed cholesterol-free chow (Purina Mills Test Diet, Richmond, IN) and water ad lib, and were maintained on a 12 h light/12 h dark cyclic lighting regimen (20-40 lux) at standard room temperature (22-25°C) . Control rats were fed the same diet and maintained under the same ambient conditions, but were given no other treatment.
Tissue Harvesting
Rats (3 months postnatal, AY9944-treated and controls) were euthanized by sodium pentobarbital overdose (i.p.). Tissue harvesting was performed under dim red light, to avoid photoperoxidation of lipids, particularly 7DHC. Livers were then rapidly removed postmortem, blotted, transferred to conical polypropylene screw-top tubes, flash frozen in liquid nitrogen, and stored (wrapped in aluminum foil) at -80°C until ready for saponification and/or lipid extraction and analysis.
Analysis of Dolichol and Coenzyme Q Frozen liver specimens (0.5 g each, wet wt.) were thawed and immediately subjected to extraction by homogenization in 10 ml of chloroform/methanol (2:1, v/v) using a Polytron Ò homogenizer (Kinematica, Model PT 10/35 GT, Thermo Fisher Scientific; 10 s at setting ''8''). Internal standards of coenzyme Q 7 (14 lg), and dolichol-21 (50 lg) were added to the homogenates, which then were divided into two equal portions. One portion was saponified and the nonsaponifiable lipids (NSLs) were extracted with petroleum ether and redissolved in methanol, essentially as described previously [17] . The NSL samples were then applied to C18 SepPak Ò cartridges (Waters Corporation, Milford, MA) and eluted with 2 9 5 ml of methanol. The SepPak Ò cartridges were then eluted with 2 9 5 ml isopropanol, and the pooled eluates (the ''dolichol'' fraction) were stored at -20°C until ready for analysis. The other portion of the chloroform/ methanol extract was treated with 0.25 volume of 0.9 % (aq.) NaCl and centrifuged. The upper phase was removed, and the lower phase was washed twice with 2 ml of 50 % (v/v) aqueous methanol. The final lower phase, which was slightly turbid, was taken to dryness, dissolved in chloroform/ methanol (2:1, v/v), and applied to the application zone of a Whatman K6F preparative thin layer plate (1 mm thickness, 10 9 20 cm; Thermo Fisher Scientific, Inc.). A separate lane containing an authentic standard of coenzyme Q 7 was added to aid in detection. The plates were chromatographed in 15 % diethyl ether/hexane (v/v), and the areas representing coenzyme Q were scraped into a glass centrifuge tube and extracted twice with 10 ml diethyl ether. The ether extracts were pooled, taken to dryness, dissolved in 0.5 ml 2-propanol/methanol (1:4, v/v), filtered, and stored at -20°C until ready for HPLC analysis. The dolichol and coenzyme Q fractions from above were subjected to HPLC analysis as previously described [18] . The total dolichol mass was determined by summing the quantified mass of each peak (Dol-17, Dol-18, Dol-19, and Dol-20) and using the mass of the internal standard (Dol-21) to correct for yield). For the quantification of coenzyme Q, samples eluted from the preparative TLC plate (see above) were subjected to HPLC [18] . The mass of the Q 9 and Q 10 fractions was determined, and the % recovery of the internal standard (Q 7 ) was used to correct for yield. Data were subjected to statistical analysis using an unpaired Student's t test, with the cutoff for statistical significance set at p \ 0.05 (N = 6 per group).
Saponification and Extraction of Nonsaponifiable Lipids for Sterol Analysis
In parallel to the above, additional frozen liver specimens (0.1 g each, wet wt.) were transferred to glass screw-top tubes with Teflon-lined caps containing 1 ml of 60 % (w/v) KOH in 50 % (v/v) MeOH, flushed with argon, sealed, and subjected to saponification at 95°C for 1 h, protected from exposure to light. After chilling for 5 min on ice, 3 ml of 50 mM NH 4 Cl (aqueous) was added followed by 3 ml of petroleum ether, and then mixed by continuous rotary inversion for 1 h at 4°C (protected from light, under argon atmosphere), followed by centrifugation (10 min at 5009g, refrigerated table-top centrifuge) to separate phases. The upper (petroleum ether) phase containing the nonsaponifiable lipids (NSLs) was transferred with a glass Pasteur pipet to a conical glass tube; the lower (aqueous) phase was extracted twice more with an equivalent volume of petroleum ether, the combined extracts were dried under an argon stream, then redissolved in 200 ll of MeOH and stored under argon at -80°C until ready for further analysis. The recovery of neutral sterols was [90 % (unpublished results) using these methods.
Quantitative Chromatographic (HPLC) Analysis of Sterols and Squalene
Aliquots (50 ll each) of NSLs were subjected to reversedphase HPLC using tandem IB-Sil TM and Gemini Ò RP C18 columns (4.6 9 150 mm, 3 lm; Phenomenex, Torrance, CA), maintained at 37°C using a column oven, with MeOH as the mobile phase (flow rate 1 ml/min) and flowthrough detection at 205 nm (Waters 600E HPLC system, Model 486 detector, Milford, MA). Under the conditions employed, the following retention times were obtained: Chol, 10.6 min; 7DHC, 9.7 min; squalene, 15.4 min.
Response factors for authentic standards of cholesterol, 7DHC, and squalene were determined empirically, which then were used to determine the sterol and squalene mass for the rat liver NSL extracts. The integrated areas under the peaks were quantified using Flo-ONE TM software (Packard Instrument Co., Inc., Meriden, CT). Data were subjected to statistical analysis using an unpaired Student's t test, with the cutoff for statistical significance set at p \ 0.05 (N = 6 per group).
Extraction and Quantification of Total Protein from Tissue
Frozen liver specimens (0.1 g each, wet wt.) were thawed in 1 ml of Dulbecco's phosphate-buffered saline (DPBS), pH 7.2 (Life Technologies, Grand Island, NY), containing Halt TM Protease and Phosphatase Inhibitor Cocktail without EDTA (Thermo Fisher Scientific, Inc.; Waltham, MA). The tissue was homogenized using a Tissuemizer Ò (SDT-1810; Teledyne Tekmar, Mason, OH) for 30 s on ice, and solubilized by adding 0.5 ml solubilization buffer (6 % SDS, 25 % glycerol, 300 mM DTT), with vortexing. The protein samples then were diluted 1:10 (v/v) with DPBS and the protein concentration of each was determined by absorbance at 280 nm using a Synergy TM HT Multi-Mode Microplate Reader equipped with a Take3 Micro-Volume plate (Biotek, Winooski, VT). Statistical analysis of data was performed using an unpaired Student's t test, with the cutoff for statistical significance set at p \ 0.05 (N = 3 per group).
SDS-PAGE and Western Blot Analysis
Aliquots of liver homogenates (20 lg total protein each) from AY9944-treated and control rats (N = 3) were electrophoretically separated by SDS-PAGE (12 % resolving gel) using a Mini-Protean Ò II (Bio-Rad) electrophoresis system for 45 min at 200 V in SDS running buffer (25 mM Tris-HCl, 20 mM glycine and 0.1 % (w/v) SDS). The gels were soaked in transfer buffer (25 mM Tris-HCl, 13.5 mM glycine and 20 % (v/v) methanol) for 5 min and subsequently transferred to Immobilon-P Ò PVDF membrane (Millipore) using a Trans-Blot Ò SD Semi-Dry Transfer Cell (BioRad) for 60 min at 15 V in transfer buffer. The blots were blocked with 5 % (w/v) blotting grade nonfat dry milk (BioRad) in Tris-buffered saline with Tween-20 (TBST) (25 mM Tris-HCl, 150 mM NaCl and 0.05 % (v/v) Tween-20) for 1 h at room temperature and then probed overnight (at 4°C) with rabbit anti-LDLR, anti-HMGR, or anti-b-tubulin antibodies, each at 1:1,000 volumetric dilution with 1 % (w/v) nonfat dry milk in TBST. Blots were serially rinsed in TBST and then incubated for 1 h at room temperature with alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibodies at 1:10,000 volumetric dilution with 1 % (w/v) nonfat dry milk in TBST. The blots were developed using ECF TM Substrate (GE Healthcare Bio-Sciences Corp., Piscataway, NY) and imaged with a Storm Ò 820 PhosphorImager TM (GE Healthcare). Quantitation of the images was performed using ImageQuant TM 5.2 software (GE Healthcare); data were subjected to statistical analysis using an unpaired Student's t test, with the cutoff for statistical significance set at p \ 0.05 (N = 3 per group).
Results
Since the main focus of this study was to evaluate the impact of inhibition of DHCR7 on hepatic dolichol levels and chain lengths, we first needed to confirm that the agent we were using in our animal model of SLOS (AY9944) was, indeed, inhibiting DHCR7. To this end, we analyzed the sterol profiles of serum and liver from AY9944-treated and age-matched (3-month-old) control rats. Figure 2 shows typical reversed phase HPLC profiles of the NSLs derived from the livers of normal and AY9944-treated rats. These profiles confirm the expected effect of the inhibitor, and are in good agreement with the results of prior related studies [15-17, 19, 20] : 7DHC is almost below the limit of detection in control rat liver, while in the AY9944-treated rats, the level of 7DHC greatly surpasses that of Chol. Quantification of the chromatographic data from analysis of serum and liver from control animals and AY9944-treated animals (N = 6 each) is presented in Table 1 . Overall, AY9944 treatment brought about a large ([80 %, p \ 0.05) decrease in total serum sterols and a significant increase (mean = 143 %, p \ 0.05) in the total sterol content of the liver, compared to controls (cf. Table 1 , panels a and b). However, the average 7DHC:Chol ratio was *15 in sera and *32 in livers from AY9944-treated rats, compared to a ratio of *0.001 and *0.003, respectively, in the corresponding specimens from age-matched controls; the former ratio is comparable to, if not greater than, that found in tissues and fluids of even the most severely affected SLOS patients [1, 3] . Thus, these findings validate the use of this animal model as a surrogate for understanding the biochemical alterations in SLOS, particularly as occurs in more severe cases of the disease.
One explanation for the observed increase in steadystate levels of liver sterols in rats treated with AY9944, compared to controls, as noted above might be increased uptake of circulating, lipoprotein-borne sterols from the blood, as a consequence of a homeostatic increase in LDLR levels in liver. Therefore, we examined the levels of LDLR in livers from AY9944-treated and age-matched control rats by Western blot analysis and quantitative densitometry (normalized to b-tubulin). As shown in Fig. 3 , AY9944 treatment did not cause any statistically significant change in the levels of LDLR protein (M r * 120 kDa) in the liver. In fact, if anything, there was a trend (not statistically significant; p = 0.067) toward lower, rather than higher, LDLR levels in the AY9944-treated animals, compared to controls.
We also examined the possibility of increased synthesis of sterols due to an induction of HMG-CoA reductase (HMGR), the rate limiting enzyme. We found no significant differences in the levels of HMG-CoA reductase (HMGR; M r * 97 kDa) protein in livers from AY9944-treated animals, compared to controls (Fig. 3) . Another approach to determining if treatment with AY9944 caused an increase in de novo sterol biosynthesis is to quantify the levels of sterol pathway intermediates in serum [21] . We measured the serum levels of squalene, since it is an easily and reliably quantifiable intermediate in the cholesterol branch of the biosynthetic pathway and does not require the use of radioisotopically labeled precursors for its determination. Accordingly, squalene was quantified using the area of the peak in reversed phase HPLC chromatograms of the NSL fractions (see Fig. 2 for chromatogram from liver). As shown in Table 1b , the serum squalene values obtained from AY9944-treated rats were nearly identical to those from agematched controls, suggesting no change in de novo synthesis. However, the squalene steady-state level in liver was found to be decreased by 31 % in AY9944-treated animals compared to age-matched controls (Table 1a) . These findings are considered within the context of cholesterol synthesis in the rat model (see ''Discussion''). We also examined the possibility that the chronic treatment of rats over a 3 month postnatal time period may have resulted in systemic dehydration, which potentially could skew the quantitative values normalized to tissue wet weight. However, when we quantified the total protein content of livers from AY9944-treated and age-matched control rats, we found no statistically significant differences between the values (0.338 ± 0.028 vs. 0.337 ± 0.016 mg protein per mg wet wt., respectively; p = 0.391, N = 6).
To determine if the inhibition of the sterol pathway at the level of DHCR7 impacted the synthesis of nonsterol isoprenoids, we quantified the levels of both total dolichol and coenzyme Q as well as individual dolichol isoprene species in the chloroform/methanol extracts of livers from control and AY9944-treated rats (see ''Materials and Methods''). As shown in Table 2 , there was a significant (p \ 0.05, N = 6) increase in the levels of both dolichol and coenzyme Q, comparing treated versus control groups. Figure 4 shows representative reversed phase HPLC chromatograms obtained from livers of a control (Fig. 4a) and an AY9944-treated animal (Fig. 4b) , where dolichol isoprene species were separated as a function of increasing chain length. The elution profile of authentic dolichol standards (gray tracings, Fig. 4a and b) of differing chain lengths, ranging from 85 carbons (Dol-17) to 100 carbons , is superimposed on each chromatogram, where the number following Dol denotes the number of isoprene (5-carbon) units. As shown, there is no apparent difference in the qualitative isoprene pattern in the livers from the treated rats compared to controls. The corresponding quantitative data for all specimens analyzed (N = 6 per group), showing the relative amounts of each of the major dolichol species in the livers of control (gray bars) and AY9944-treated (black bars) animals, expressed as percent of total, are shown in Fig. 4c . The dominant isoprene species in the livers of both treated and control animals were Dol-18 (90 carbons; 41.0 ± 0.8 % treated, 38.6 ± 0.8 % control) and Dol-19 (95 carbons; 34.1 ± 1.5 % treated, 35.0 ± 0.7 % control). The longest endogenous chain length species measured (Dol-20; 100 carbons) was, by comparison, less prominent in both treated and control animals (12.4 ± 1.2 % treated, 17.6 ± 1.1 % control). Clearly, there was no shift to longer chain length species in the SLOS rat model, compared to untreated controls. We also observed no change in the coenzyme Q 9 :Q 10 ratio (data not shown).
Discussion
There have been several reports dealing with sterol levels and metabolism in SLOS patients. In all cases, there is a greatly increased level of 7DHC and metabolites in tissues and serum (for a review, see [1] ). In addition, it is generally found that total serum sterol levels in SLOS patients are lower than those of control subjects [3, 22, 23] , raising the possibility of lowered de novo synthesis of sterols. Indeed, studies by Steiner et al. [8] , in which sterol balance was used as an indication of synthesis, showed that whole body sterol synthesis was significantly reduced in SLOS patients, compared to normal human subjects. Although reduced production of total sterols in SLOS is generally accepted, there are conflicting views on the hepatic flux through the rate limiting enzyme, HMGR. Pappu et al. [10] reported that urinary mevalonate excretion (a crude measure of liver HMGR activity) is not significantly reduced in SLOS patients compared to controls. On the other hand, Honda et al. [22] reported that plasma mevalonate levels were Table 2 Effect of AY9944 treatment on the steady-state levels of dolichol and coenzyme Q in rat liver Treatment Dolichol (lg g significantly less in SLOS patients compared to age-matched control subjects. These workers also reported a decreased level of HMGR in microsomal membranes from a liver biopsy of a single SLOS patient. However, in the same biopsy sample, the activities of HMG-CoA synthase and squalene synthase were substantially elevated. Since changes in the activity of these two enzymes generally parallel changes in HMGR (all of these enzymes are regulated through SREBP [24] ), the low value for HMGR found in the single biopsy sample may be spurious. In addition, as noted by Pappu et al. [10] , single point measurements of plasma mevalonate-as was performed in the Honda et al. [22] study-may not reliably reflect HMGR activity, due to the diurnal changes in activity of this enzyme. Based on their findings that hepatic mevalonate production is normal in SLOS patients, while sterol synthesis is suppressed, Pappu et al. [11] have proposed that some of the mevalonate produced in SLOS is shunted to nonsterols (see below). With regard to animal models, inhibition (or knockout) of DHCR7 results in greatly elevated ratios of 7DHC/ cholesterol, often much greater than that observed in humans SLOS patients. Part of the explanation for the greater ratio is that humans typically consume large amounts of dietary cholesterol, while rodents are generally maintained on a plant-based (cholesterol-free) diet. Unlike the human situation, when DHCR7 activity is decreased in rats using AY9944, there is a dramatic decrease in total serum sterols and concomitant increase in liver sterols (Table 1 ). In view of these findings, and since previous work using cultured cells and with a SLOS autopsy specimen [25] [26] [27] indicated that reduced DHCR7 activity resulted in elevated levels of LDLR protein, we examined the level of this protein in our rat model. However, in vivo studies employing rats treated with AY9944, either shortterm (4 days, postnatally) [19] or chronically (starting in utero and continuing over a 3 month postnatal time course, as in the present study), showed no statistically significant change in the levels of LDLR protein in liver, compared to age-matched controls. Hence, increased uptake of circulating, lipoprotein-borne sterols does not appear to explain the observed increase in the steady-state sterol content of liver in rats treated with DHCR7 inhibitors such as AY9944. A clue to the basis for the loss of serum sterols and gain in liver sterols may be found in early studies employing AY9944. Dvornik and Hill [28] found that longterm treatment of rats with AY9944 resulted in a substantial accumulation of sterols in the lung, consistent with an earlier study by Greselin [29] who showed that such chronic AY9944 treatment caused accumulation of lipid (presumed to be 7DHC) in alveolar macrophages in several animal species, including rats, pigs and dogs. These findings likely represent an off-target (nonspecific) systemic effect of AY9944, which like other amphiphilic drugs is known to promote accumulation of sterols in the lung, particularly in lysosomes and in macrophages [30] . Since ca. 10 % of the cellular mass of the liver is accounted for by resident macrophages (i.e., Kupffer cells) [31] ], it is possible that some or all of the increase in total sterols we observed in liver was due to sterol accumulation in these hepatic macrophages. However, since our main focus in the present study was on the nonsterol pathway, we did not pursue this possibility further.
Concerning mevalonate production, we found no significant change in the levels of HMGR protein in the livers of rats treated chronically with AY9944, compared to agematched controls, by Western blot analysis (Fig. 3) . However, we caution against concluding from this observation that there was no change in HMGR enzymatic activity under the conditions employed. HMGR activity is well known to be modulated by a multitude of mechanisms (e.g., phosphorylation-dephosphorylation being just one example), which do not necessarily entail changes in protein level (for a review, see [32] ). In fact, short term treatment of rats with DHCR7 inhibitors AY9944 [19] or BM15.766 [20] has been shown to elevate the activity of hepatic HMGR, indicating that the production of mevalonate is likely enhanced under those conditions. Thus, based on previous work and our own findings, it appears that there is no decrease in mevalonate production in the AY9944-treated rat, similar to the findings of Pappu et al. [10] in human SLOS patients.
With regard to quantifying the flux from mevalonate into the sterol branch of the pathway, Miettinen and coworkers have evaluated the use of serum squalene levels as a marker for de novo cholesterol synthesis in humans [33, 34] . They reported that it is a useful marker in the case of Type 2 diabetes [34] , but cautioned against the use of cholesterol precursors as metrics in all situations of altered sterol metabolism [33] . To our knowledge, there are no published studies on the use of serum squalene levels to quantify de novo cholesterol synthesis in rats. As shown in Table 1 , we found that while there were no significant changes in the level of squalene in the serum of AY9944-treated rats, compared to those in age-matched controls, there was a 50 % decrease in the steady-state level of squalene in liver as a function of AY9944 treatment. While this initially might suggest that flux through squalene may be depressed in the SLOS rat model, apparently not all of the squalene in rat liver is in equilibrium with the pool involved in cholesterol biosynthesis [35] . Given the caveats with regard to the use of squalene levels in either serum or liver or both as a meaningful metric for evaluating de novo sterol synthesis, and the lack of a significant change in serum squalene levels in the present study, we caution against using squalene values to draw firm conclusions regarding alterations in de novo cholesterol synthesis in the rat SLOS model. Further studies involving labeled water (e.g., see [8] ) would be required to conclusively determine if the de novo rate of sterol synthesis is altered in this model of SLOS.
Regarding the nonsterol pathways, the Steiner group reported 4 to 7-fold elevations in urinary dolichol and coenzyme Q [11, 14] as well as a large increase in the chain lengths of urinary dolichol [14] in SLOS patients compared to age-matched controls. From these results, along with their finding of normal urinary mevalonate levels and reduced sterol synthesis [8] , the Steiner group has proposed that some of the mevalonate is diverted to the above mentioned nonsterol isoprenoids. In their first report on the subject [11] , they found that cholesterol supplementation to SLOS patients coordinately decreased urinary mevalonate, dolichol and coenzyme Q levels (suggesting that the urinary nonsterols are derived from liver); however, in the most recent report [14] , they found that cholesterol feeding only suppressed the urinary mevalonate level, with no significant effect on dolichol or coenzyme Q levels. Other workers have found that urinary dolichol is associated with cellular debris or membrane fragments [36] and its levels do not correlate well with serum dolichol levels [37] . Thus, it is uncertain whether the dolichol and coenzyme Q measured in the studies reported by Steiner's group are reflective of hepatic synthesis of these nonsterol isoprenoids. It should be noted at this point that only a very minor amount of shunting could lead to increased production of dolichol or coenzyme Q or both, since the level of cholesterol in the liver is on the order of milligrams, whereas that of dolichol and coenzyme Q is at least two orders of magnitude lower (i.e., tens of micrograms). In rat liver, for example, the flux of mevalonate into cholesterol exceeds that into dolichol by a ratio of [200:1 [38] .
In the present work, we found an approximate 50 % increase in the steady-state levels of both dolichol and coenzyme Q in the livers of rats treated with AY9944, but no effect on the chain lengths of these lipids. Previous studies in our laboratory [18] have shown that administering mevalonate to a cholesterol-fed rat (conditions expected to increase the steady-state level of IPP) resulted in greatly increased chain lengths of dolichol and coenzyme Q, but with no effect on the total levels of these nonsterol isoprenoids (see Table 2 and Fig. 4) . Sagami et al. [39] also showed in vitro that increasing IPP concentration causes an increase in dolichol chain lengths. In contrast, when a squalene synthase inhibitor (Squalastatin-I) is administered to rats, the level of FPP has been shown to increase *20-fold and IPP increases *5-fold, resulting in an increased chain length and a *3-fold elevation in the level of dolichol and dolichyl phosphate [40] . In fact, when fibroblasts from patients afflicted with congenital disorders of glycosylation were treated with this squalene synthase inhibitor, their Dol-P-mannose levels became substantially elevated and Dol-P chain lengths increased, thereby providing essential proof of principle for therapeutic application of such drugs for diseases involving Dol-P insufficiency [41] . Thus, it seems that FPP, serving as the primer, controls the rate of dolichol synthesis, while IPP, serving as the polymerizing agent, controls the chain length of the final product. Since we observed no effect on chain length of dolichol or coenzyme Q and only a relatively minor change in the steady-state levels of these lipids, it appears doubtful (in this rat model at least) that there is a multi-fold increase in isoprenoid pyrophosphate levels (IPP, FPP) in liver. Furthermore, it is difficult to envision a mechanism by which the cis-prenyltransferase (responsible for dolichol synthesis), and the trans-prenyltransferase (responsible for elaboration of the side chain of coenzyme Q) would both be activated because of suppression of DHCR7 activity. Thus, the most likely scenario in the AY9944-treated rat is that DHCR7 inhibition, by lowering cholesterol levels, activates the SREBP pathway, which modestly induces most of the genes of cholesterol synthesis [24] . As a result of this activation, levels of intermediate isoprenoid pyrophosphates rise slightly, and flux into the nonsterol and sterol pathways increases coordinately. However, to determine conclusively whether or not carbon flux is preferentially diverted to nonsterol branches of the isoprenoid pathway in liver, either in humans or animal models, additional studies will be required using metabolic precursors, such as radioisotopically (or stable isotopically) labeled mevalonate or acetate, and following the rate and extent of their conversion to the various isoprenoid endproducts.
